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ABSTRACT

An engineering calculational procedure is described which is
used to compute particle radiation and impingement damage to objects
affected by the exhaust plume of solid propellant rocket motors. The
approach adopted here is applicable to plumes of any optical depth. The
measured optical properties of condensed phase material are used directly,
which provides a much better description of the wavelength and temperature
dependence than does the model assumed by Morizumi and Carpenter1 or by
Fontenot.2

Results of the calculation are compared with spectral and total
radiation measurements made at a location near the exit plane of the SII
ullage motor. The calculated equilibrium gas radiation represents 23% of
the total measured radiation. The calculated particle radiation from A1203
ranges from 10.5% to 63% of the total measured radiation, the variation
arising from uncertainties in (1) the optical properties of liquid A1203
in the far infrared, (2) the magnitude of the searchlight effect, and (3)

the degree of supercooling in the nozzle and plume expansion. Recommenda-

tions for future studies are presented.
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Radiation flux per unit area per unit wavelength interval
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Heat of fusion

Complex index of refraction, m = n, - nzi
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Power received by radiation detector
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Theoretical radiative heating rate

Total stagnation heating rate

Total stagnation heating rate measured experimentally

Particle impingement heating rate = dove ~ IR T Ye

SQum of theoretical particle thermal and kinetic energy flux
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Theoretical particle thermal energy flux

Theoretical particle kinetic energy flux

Optical efficiency factor = 0/2nrp2

Reflectivity

Particle radius

Surface regression rate

Radius of curvature; distance from scattering particle
Reynolds number

Time,;, transmissivity
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Effective temperature defined by B(T _.)

eff
Particle thermal energy flux defined by Equation (2-22)
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Power emitted per unit volume

Axial coordinate; optical parameter = Zﬂrp/k
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Radial coordinate

Denotes local value averaged over particle size

Coefficient of particle momentum equation defined by
Equation (2-3); radiation interaction factor, see Equation
(2-7); absorption coefficient; accommodation coefficient

Fraction of light scattered in backward direction

Ratio of specific heats
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SECTION 1

INTRODUCTION

This report describes the results of a 12-month study conducted
for NASA Huntsville under Contract NAS8-20276, which has the objective of
developing an engineering calculational procedure for problems concerned
with the thermal environment of solid propellant rocket exhaust plumes over
a range of altitudes. The major considerations of such an environment
include nozzle and plume two-phase flow phenomena, particle cloud radiative
properties, and particle impingement heating and erosion damage. These
effects are of practical concern since the exhaust plume of a solid
propellant motor may impinge upon or radiate to nearby objects, such as
stages undergoing separation, fins and surfaces located near boost support
rockets, or spacecraft subjected to the plume of a nearby thrustor. The
condensed phase material which is present in the plume exhibits high
radiative emissivity and considerable thermal lag which enhance radiation
from the plume. 1In addition, particle impingement results in a high heat
transfer rate to the affected surfaces and may produce significant erosion
of protective coatings.

The overall problem may be divided into three phases: (1) nozzle

two-phase flow effects, required as input for subsequent exhaust plume



calculations, (2) two-phase plume gasdynamic and radiative behavior and
(3) resultant effects of the plume properties on the structure of interest.

The general nature of two-phase nozzle flow has been well studied
and adequate theoretical and experimental information is available to
predict effects for given size particles. Computer programs are available
to calculate the gas flow field through the nozzle and the particle
trajectories and temperatdres. The major uncertainty at the present time
is knowledge of the actual particle size distribution prevailing in specific
rocket motors.

Beyond the nozzle exit, the gas-particle cloud expands to form
a two-phase plume. Aspects of the gas plume for which analytical methods
and computer programs are available include the structure of the flow
within the shock bottle (method of characteristics solutions are available),
the distance to the normal shock wave which is characteristic of the single
nozzle plume, the plume maximum diameter and radius of curvature near the
nozzle exit, and the afterburning interface between the exhaust and ambient
gases. Aspects of the particle plume which have been studied include the
distance to the normal shock, the twc-phase flow properties in the vacuum
plume or shock bottle (treated with both coupled and uncoupled analyses),
and far field particle plume temperatures and velocities. 1In general, it
can be said that the particle plume may be calculated to within the accuracy
for which the gas plume is known and, at high altitudes, where the particle
plume is highly decoupled from the gas plume, the entire particle plume
may be calculated.

Since the gas and particle plume flow field structure can be
determined with existing techniques, major emphasis in the present work
was directed toward development of a calculation procedure for predicting
two-phase plume radiation. The method evolved has been divided into two
separate computer programs. The first portion of the radiative program
evaluates the local average radiative properties of the plume, based on
a knowledge of the plume flow field and the optical properties of the

0,, the most common

individual particles. Optical properties for Al2 3



particulate matter in the plume, were calculated by Mie theory for a wide
range of temperature, wavelength, and particle size, and are stored on
cards which are integral with the computer program. This program
also calculates the local average thermal and kinetic energy flux of the
particles which is used in the analysis of particle impingement effects.

The second portion of the radiative computer program integrates
the spectral radiative flux to a given target along arbitrary '"lines of
sight!" between the target and the plume. The total flux to the target
can then be determined by summation over all lines of sight and over the
wavelength interval of interest.

Initially it was assumed that gas phase radiation would be
negligible compared to the particle continuum. However during the course
of the program it was discovered that under certain conditions the gas
contribution can constitute a significant fraction of the total radiation.
Since, in the example calculation described later, the plume was optically
thin, the gas radiation could be hand calculated and this contribution has
been included in the final result. However, incorporating the gas calcula-
tion scheme into the current program, particularly for optically thick
plumes, requires further study.

A test calculation of the computer program was performed for the
SII ullage motor. This motor was selected since experimental measurements
of total and spectral plume radiancy were available for comparison with
theoretical results. In addition, an analysis of particle impingement
heating effects, based on experimental data obtained from models located
in the SII ullage plume, was performed and the results compared with those
obtained from similar tests conducted in the Aeronutronic two-phase cold
flow facility.

The theoretical calculation of plume radiation, particularly the
spectral radiancy, was in qualitative agreement with experimental measure-
ments. Major sources of the discrepancy between theory and experiment have

been delineated, on which basis programs for future work are recommended.



SECTION 2

ANALYTICAL FORMULATION

This section presents a detailed description of the analytical
technique developed under this contract for calculation of radiative
and impingement heat fluxes from a two-phase plume. Due to its
complexity and length, the overall computational procedure has been
subdivided into a number of separate sub-routines. This minimizes
machine storage problems and allows the opportunity for intermediate
engineering decisions.

The calculation scheme is shown in the Flow Chart of Figure 1,
where the circled quantities represent input data and the boxed items
indicate calculation routines. For a given propellant system and
chamber pressure, the thermochemical calculation is used to determine
the temperature and species concentrations in the chamber and the varia-
tion of these quantities during the expansion. This information, to-
gether with a specified nozzle geometry, provides the input for computation
of the gas flow field. With these results, the particle trajectories,
together with local velocities and temperatures, are determined and serve
as input for calculating the particle plume structure, in terms of local
particle number density and size distribution. From these, the local

average radiative properties of the plume and local impingement energy



flux can be evaluated. Finally, the radiative transfer equation,
simplified by appropriate assumptions, is integrated along ''lines of
sight!" and the total flux to the target is determined by summation over
the several lines of sight.

The thermochemical calculation routine and the supersonic gas
flow field routine are currently available in the Lockheed-Huntsville
method of characteristics program. Details of this program can be found
in Reference 3 and are not supplied here. For convenience, this program
will be referred to in subsequent paragraphs as the Lockheed program. The
remaining programs, developed under this contract, will be referred to

as follows:

Program Designation Program Title
A Particle Plume Structure
B Particle Plume Properties
C Particle Plume Radiation

As stated earlier, it was found that for the lightly loaded
SII ullage motor considered here, radiation from the gas species con-
tributed a significant portion of the total plume radiation. Since, in
this instance, the plume was optically thin, it was possible to determine
the gas contribution by hand calculation and the total radiation by summa-
tion of the gas and particle plume contributions. This is indicated in
the flow chart of Figure 1.

Finally it should be pointed out that the radiation calculations
described above are performed for each wavelength of interest. Con-
sequently this procedure allows determination of both the total radiative
flux and its spectral distribution.

In the following paragraphs, each of the calculation subroutines

is described in detail.



2.1 TWO PHASE FLOW

2.1.1 GAS FLOW FIELD

Program A first completes the nozzle and plume gas flow field
calculations before computing the particle trajectories. The subsonic
and transonic flow regions are computed by using an approximate two-
dimensional, axi-symmetric program. This program, described in detail
in Reference 4, computes the gas flow field for an equilibrium gas-
particle mixture with a constant effective specific heat ratio, ;, and
constant molecular weight. The gas velocity is computed from one-dimen-
sional equations and assigned a position dependent velocity vector. That
is, the gas is assumed to flow parallel to the wall at the wall, and
parallel to the axis at the axis, and at an angle between these two found
by linear interpolation at intermediate points using the radial position
as the independent variable. To account for the non-axial velocity vector
component, an axi-symmetric correction to the mass flow is applied to the
continuity equation. For small angles of convergence or divergence this
method is essentially a source flow determination.

The above axi-symmetric program can also be used to describe the
supersonic flow in the nozzle and the plume expansion. In order to use
this program to describe the plume flow field, an approximate Mach number
distribution along the flow axis can be predicted by methods outlined by
Hill and Habert.5 Using these centerline results, a fictitious nozzle can
be generated that will yield the proper axial plume Mach number variation.
Affixing this fictitious nozzle to the exit of the real nozzle allows the
continuation of the 2-D program throughout the entire flow field.

It is recommended that, rather than using this over-simplified
2-D approximation throughout the flow field, a method of characteristics
solution be used to describe the flow field in the plume region. In general,
it appears that the approximate 2-D program is adequate for conical exit
cones, but for bell shaped contours the method of characteristics program

is superior and should be used even for the nozzle expansion flow. The



supersonic gas flow field in the rocket nozzle and in the plume can be
computed using the existing Lockheed program. Equilibrium reacting gas
solutions are provided by the NASA/Lewis Thermochemical Program whose out-
put for several standard propellant systems has been stored on a master
tape. The tape, which has provisions for including other propellants, has
been incorporated in the Lockheed method of characteristics program, and
gases of interest are introduced into the characteristics program by
proper identification.

For the computations that are presented here the Lockheed method
of characteristics program was used to generate the plume flow fields only;
the approximate axi-symmetric 2-D program was used for the complete nozzle
flow. The various flow properties resulting from either the two-dimensional
program or the method of characteristics program are stored in an orthogonal
mesh for use in computing the particle trajectories. By using a combination
of programs, one can obtain constant v solutions to the throat and constant
Y, frozen, or equilibrium solutions from the throat on.

Since the characteristic output is along characteristic lines and
the required gas flow field must fit a rectangular mesh for use in the
particle trajectory routine, a program is included to make the proper con-
version of the data. The intersection of the characteristic lines with
lines of constant x, axial location, are found and the gas properties at
these intersection points are determined by interpolation along the
respective characteristic lines. The resulting gas properties mesh is
then at irregular values of y, radial location, but on lines of regular
values of x. Rather than either curve-fit or perform additional inter-
polations to make the y spacing regular, a four-point interpolation sub-
routine is used in the particle trajectory program so that the above
irregular spacing can be accepted.

The gas flow field is computed without regard to the non-
equilibrium effects resulting from particle lag. Actually, the gas and
particle flow equations should be solved simultaneously as has been done

by Kliegel.6 The coupling of the two flows, in essence, accounts for the



effects of body forces, dissipation, and heat exchange between the
particles and the gas, making the local gas state dependent upon the
behavior of the particles. The necessity of using a coupled flow
description has been investigated by comparing the results obtained
using a simpler, uncoupled method with those reported by Kliegel.6

It was found that, for moderate particle loadings or for flows in which
the particle lag is minimal, the uncoupled solution is in agreement with
the more detailed coupled solutions to well within the error introduced
by other uncertainties such as nozzle internal shock waves, gas transport
properties, particle size distribution, etc. Thus, except for unusually
high particle loadings or large particle lags, it is recommended that an
uncoupled solution be used for these calculations. A more detailed dis-

cussion of the assumption of uncoupled flows is found in Reference 7.

2.1.2 PARTICLE TRAJECTORIES

The independently determined gas flow field is stored in a
rectangular mesh and the particle trajectories are computed using these
flow field results. The particle momentum and energy equations are in-
tegrated using a modified Euler technique and a 4-point interpolation
routine to determine the gas properties from the stored mesh. The drag
and heat transfer coefficients take into account inertial, compressibility,
and rarefaction effects as discussed in Reference 8. Any number of particle
sizes can be computed and one has the option of computing a centerline, a
limiting streamline, or any number of streamlines intermediate to the two
limiting cases.

The momentum and energy equations for the particles are given in
Reference 9. In this computing scheme the momentum equations are written
in difference form as follows:

Q/i + o,

v - v + ( i+l

b . 5 )[vg + v -(vp +v Yl = (2-1)



v = vy + ( = l+l)[v + v - (v + v )] at (2-2)
p p 2 g Py Py 2
Yi+l Yy Yi Yiql i i+l

where

K
¥ = 0.417 x 10%2 i% (2-3)

g r
PP

The computation is started by assuming that the particles are in
equilibrium with the gas velocity and temperature in the chamber region.
The integration time step is chosen as the smaller of two time increments
which are computed as the time required for the particle velocity to
change by a given fraction of its local value and a maximum time step
equal to the time for the particle to go a given distance. Both of
these controls are inputs to the program. In general, the first
criterion is used throughout the nozzle, but the second becomes
dominant in the plume region.

Since the particle lag relaxation time varies inversely with
the particle radius, the minimum time step can exceed the relaxation
time for the small particles, which exhibit small lags in regions where
the gas velocity is relatively constant. Reducing the time step for such
regions leads to excessive computer time so that an alternative solution
has been used for these cases. If the computed minimum time step is
greater than the particle relaxation time, defined by the time required
for the particle to accelerate to vg , the particle is assumed to be

Fi+l

in equilibrium with the gas and its velocity and temperature set equal to
the gas values. It appears that no significant inconsistency is introduced
by this assumption and the error, which has been demonstrated by comparison
of approximate computations with those using reduced time steps, seems
well within the engineering requirements.

The new location of the particle for the time step determined

is computed from the following equations:



= + + —_—
TS I (Vp vpx ) 2 (2-4)
*q i+l
- At .
Yi+l ~ Vi + (vp + Vp ) 2 (2-5)
Yi yi+1

The gas flow field properties are determined from the input mesh at this
new position. These gas properties and the initial particle properties
are then averaged in the numerical particle momentum equations and the
new particle velocities are computed. This is repeated until the change
in location for successive iterations is less than an input criteriom.

The particle temperature is then computed using the following equation:

dr dr At
T, =T, ¥ [(—Rdt)i + (-—P-dt)iHJ = (2-6)
i+l i
where
6
.305x10w ¢ K
dT gp_H -
—2-- -21§xi0 [——— g (T, - T,,) + -476x10 12 weTp4] (2-7)
ppP P

The program allows for the option of freezing the particle temperature at
a specified temperature (fusion point) until the heat of fusion has been
removed. This option simulates the equilibrium solidification of a
liquid particle.

In the case of a limiting streamline computation the particle
is assumed to start at a position of .95 times the chamber radius and is
given the gas velocity at that point parallel to the nozzle axis. The
particle trajectory is continued until either the particle passes beyond
the wall, thus indicating an impaction, or the particle goes beyond the
throat location. In the former case, the particle trajectory is re-
started back at x = 0 and at a y position that is .95 times the previous
particle starting point. In the latter situation, the particle trajectory

is restarted at x = 0 but at a y position that is halfway between the
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previous value of y and the largest value of y that has been computed
previous to this. By this method, the maximum radial position for a given
particle size is determined for which the particle will go through the
nozzle without impacting on the nozzle wall. When this location has been
determined, the particle trajectory starting at that point is then com-
puted throughout the gas flow field.

If intermediate trajectories are required between the axial
streamline and the limiting streamline this can be accomplished by
inputting the number of intermediate trajectories required. The value of
the starting point for the limiting streamline is then divided by the
number of intermediate streamlines and trajectories computed from the
starting points.

In order to use the above integration techniques properly,
the correct drag and heat transfer coefficients must be used. Frequently

' drag law corrected for inertial effects

Stokes' drag law alone or Stokes
has been assumed. This may be appropriate for certain regions but for
nearly any under-expanded plume and for most supersonic exit cones, Stokes'
law may be in gross error. Properly, Stokes' law corrections should take
into account rarefaction and compressibility effects as well as inertial
effects. Such corrections to the Stokes' law values have been included

in this computer program. The values of the drag coefficient and heat
transfer coefficients are found by multiplying the Stokes' values by KD
and KH’ respectively (see Equations (2-3) and (2-7)). The values of K

D
and KH are given as follows:

4.63 0.88
“p _[1 +0.15 Re0'687J[1 + 5(0'427/M )-(3.0/Re )]
o “p ) 1 + (M/Re)(3.82 + 1.28e L+25 Re/M, (2-8)
Stokes . .
L 2 +0.459 Re®"2> ] .99
Ho2 2 0.55

1 + 3.42 (M/Re)(2 + 0.459 Re )

A detailed description of the development of these expressions is found in

Reference 8. It is also noted in the energy equation for the particles
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that the individual particle emissivity is required. 1In general, the
convective flux from the particles to the gas dominates the particle
temperature throughout the nozzle; however, in the plume the convective
flux usually becomes negligible and the only method of particle cooling
is by radiation. The value of the particle emissivity used in these
calculations is based upon the optical data compiled by Carlson.

In summary, the particle trajectory program allows the
computation of particle trajectories, velocities, and temperatures
given the propellant characteristics, ambient conditions and nozzle
contour. In this program the subsonic and transonic flow fields are
computed using an approximate two-dimensional routine and the supersonic
and plume flow fields by the approximate two-dimensional routine or by
the Lockheed method of characteristics program. The gas flow field is
computed without regard to the non-equilibrium character of the particle
flow and it is stored in an orthogonal mesh for use in all the trajectory
calculations. The particle momentum and energy equations are integrated
using a modified Euler technique and a four-point interpolation routine to
determine the gas properties from the stored mesh. The drag and heat
transfer coefficients take into account inertial, compressible, and
rarefaction effects and the resulting trajectories, velocities, and
temperatures are punched on cards for use in subsequent programs. Any
number of particle sizes can be stacked and the program includes the
option of computing centerline, limiting streamline, or any number of

arbitrary intermediate streamline cases.

2.2 PARTICLE OPTICAL PROPERTIES

2.2.1 SCATTERING AND ABSORPTION BY PARTICLES

A beam of light which traverses an inhomogeneous medium is
attenuated, a process called extinction, both by scattering of the light
into other directions and by absorption. At a distance R from the

scattering particle, the scattered light has the character of a spherical
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wave. The direction of the scattered light is characterized by the angle

© with the direction of the incident beam, and by the azimuthal angle, #.

The scattered intensity may be written in t he form:

I = IOF(e,(a)/kZR2 (2-10)

where k = 2m/A is the wave number, and F is a dimensionless function of the
direction of the scattered light. If the total energy scattered is equated
to the energy incident on an effective area, Os’ we have, using the

preceding equation:

o = (1/x*)[F(8,0) du (2-11)

where di = sin6d8df} and the integration is performed over all directions.
Similarly, the energy absorbed by the particle may, by definition, be
put equal to the energy incident on an area, O and the total energy
removed from the beam set equal to that removed by an area, Oext’ where,

from the principle of conservation of energy

o =0 +o0 (2-12)

At a given wavelength, the scattering and absorption cross
sections of a spherical particle of homogeneous composition depend on
only two parameters, the ratio of particle circumference to wavelength,
X = Zﬂrp/l, and the complex index of refraction m = n, - in2. For spherical
particles of arbitrary size, the angular and total scattering cross section
and the extinction cross section can be determined from Mie theory.11 The
absorption cross section is then obtained by subtraction. In general, a
digital computer must be used to evaluate these quantities, although there
are several simple limiting expressions for particles much smaller than
the wavelength (Rayleigh scattering) and for those much larger than the
wavelength (geometrical optics). The typical Al.0

23
plume requires the full expressions derived from the Mie theory. The

particle in the rocket

. , 12 ,
computer program 'Mie Scattering" “ performs the computations of T T,

and B (the fraction of light scattered in a backward direction) for each

-13-



combination of the input parameters, rp, the particle radius, Tp, the
particle temperature, and A, the wavelength. The input to the Mie program
is found initially in a simple program called ”PUNCH"13 which includes a
table of the real and imaginary parts of the index of refraction of the
particulate material as a function of A and Tp, and out puts a set of cards
containing the combinations rp, Tp’ and \, together with the appropriate
values of n; O, Tp) and n, ., Tp). The output of the Mie program, in

the form of G o GS, and B as a function of rp, Tp and A, has been stored

oncards for use in Program B.

2.2.2 PARTICLE OPTICAL DATA

It is generally assumed that continuum radiation from an
aluminized solid propellant motor can be attributed entirely to the
alumina formed during the combustion process. For the SII ullage motor,
however, the alumina content is only 7.8% while approximately 2% of Fe203,
which is used as a burn rate controller, is also present.

A literature search on the optical properties of iron oxide was
made. Since the phase of iron oxide present in the plume depends on the
oxygen pressure and temperature in the chamber and since originally it was
not certain which phase was most likely to occur, the survey included
FeO (Wustite), FeZO3 (hemalite) and Fe304 (Magnetite). The results of this
survey are summarized below.

All the iron oxides are darkly colored and strongly absorbing
at room temperature in most of the visible region. That is, their elec-
tronic band absorption edge extends into the visible, in contrast to, say,
A1203. However, in the near IR and IR regions, they are relatively
transparent. The absorption again increases in the region of the lattice
vibrations (~17.5 to ~30.3 microns). Pure o-Fe 0., has a very low con-

-18 2 ¢

ohm“1 cm ), with an activation
-1

ductivity at room temperaturela (~10
energy of the order of 1 eV. The conductivity increases to 5 ohm_l cm
at 131000.15 Magnetite and Wilistite are much better conductors, with con-

ductivities of the order of 300 ohmﬂ1 cm-1 and 30 ohm-1 cm , respectively,

at room temperature.
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Absorption spectra have been obtained by two methods, (1) thin-
film-substrate transmission studies (polycrystalline films 10-15 i thick),
and (2) powdered oxides compressed in optical disks such as KBr. Extrac-
tion of the index of refraction 0y and the absorption coefficient, n,, is
complicated in case (1) by multiple reflections and interference, and in
case (2), by the fact that the transmitted beam is also reduced by
scattering. The absorption coefficient is similar to the attenuation
coefficient, but not equal to it. Method (2) has been used to locate the
lattice vibrations. Bailey16 has corrected the transmittance measurement
of Q-F?ZOB for reflection, and plotted absorption c$§fficient, o, versus
wave number in the region .59 to 1.0 micron. Morin gives % transmission
in the same region for a film of 15 p thickness, but does not mention
corrections. No absorption measurements have been made in the 2.0 to 6.2
micron region except for Banks, et.al.18 who did not subtract out the
quartz substrate transmission. This omission can be significant since
quartz absorbs appreciably for A>4 g, Waldron19 reported the optical

density (which we assume is -1n t or -log t) of cv-FeZO3 powder in a KBr

disk in the 6.7 to 33 micron region. McDevitt and Baun and Vrathy, et.al.

report lattice vibrations band numbers for d—Fe203, Y-Fe203, and Fe304.
No data were found for the absorption of Fe0. The results of References
16, 17 and 19 are shown in Figure 2 on a log-log scale, which de-emphasizes

the magnitude of the curve, but not the shape. The complex part of the

index of refraction, n, = #7/4m is also indicated. Lewis and Westwood22
obtained a value of ¥ = 2.8 x 105 cm_1 and of n, = 1.17 at 0.526 micron.
Holland23 quotes ny - n2i = 3.46-1.071i at 0.546 micron.

The handbooks list a single value for n for each of the iron
oxides. These are given below in Table 1. The literature did not provide
any additional data, except for Lewis and Westwood.22 The average value of
reported for a polycrystalline film of Fe. 0. was 3.1 in the spectral

1 273
range 0.747 to 1.11 microns, which is consistent with the handbook value.

n

The dispersion curve is closely related to the absorption curve. Since

there are no very strong absorption peaks in the 1-2 pw region, it is

-15-
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reasonable to use the quoted values in the IR also. The relative dielectric

constants of FeQ and Fe, 0, are 12.7 and 12, respectively, supporting the

2°3
assumption of similar indices of refraction. Also, in the case of 7-Fe203,
since the conductivity is so low, the static limit of n, = (€)2 = 3.5 is

not a marked increase over the value in the near IR.

TABLE 1

REAL PART OF THE INDEX OF REFRACTION OF IRON OXIDES(ZQ’ZS)

Oxide n,_ A )
Fe O n_ = 3.220, n_ = 2.940 0.6708
2°3 o e
Hematite
Fe304 n, = 2.42 (average) 0.439 to 0.704
Magnetite 2.4l<n1<2.46
Fe0 n, = 2.32

All of the above data were obtained essentially at room
temperature. In the absence of data at higher temperatures, and of
more specific information on the spectral dependence of refractive index,
ferric oxide was neglected in the present calculations. However, the

available refractive index data indicates that Fe20 may be a significant

3

IR emitter. This subject is discussed further in Paragraph 3.1.3.
Refractive index data for alumina, which is now considered

as the sole continuum emitter in the plume, is shown in Table 2 and

Figure 3. Bartky and Bauer26 have tabulated best estimates of the real

part of the refractive index, nl, for solid alumina. No data on n, exigts

for molten alumina. However since the variation of n, with temperature for

solid A1203 is almost negligible, it is assumed that ny does not change

when the alumina melts. The imaginary part of the refractive index, n,,

for molten alumina is shown in Figure 3 which, for comparison, includes

the data for solid A1203. For solid alumina, measurements27 of n, have
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TABLE 2

COMPLEX REFRACTIVE INDEX OF A1203 AS FUNCTIONS OF

WAVELENGTH AND TEMPERATURE

A nllgz
1200°¢C 1500°C 1600°C 1700°¢ 2020°C

0.5 1.805/1.8-7 1.814/5.2-7 1.817/1.1-6 1.82/1.6-6 1.83/1.2-6
1 1.785/6.8-8 1.794/4.4-7 1.797/1.2-6 1.80/1.8-6 1.81/1.6-6
2 1.775/5.3-8 1.784/3.8-7 1.787/1.0-6 1.79/1.9-6 1.80/2.2-6
3 1.745/1.9-7 1.754/8.4-7 1.757/1.7-6 1.76/2.4-6 1.77/3.6-6
4 1.715/1.4-5 1.724/2.0-5 1.727/2.4-5 1.73/2.9-5 1.74/3.5-5
5 1.665/1.6-4 1.674/2.3-4 1.677/(2.8-4) 1.68/(3.2-4) 1.69/3.7-4
6 1.574/(9.1-4) 1.584/(1.1-3) 1.587/(1.4-3) 1.59/(1.6-3) 1.60/1.9-3
%The value of n, is given before the virgule; the value of n, is given

1 2

after.

The - sign in n, indicates a negative power of ten. Thus 1.8-7 means
-7

1.8 x 10 .

Parentheses denote values obtained by extrapolation,.

2

been made over the wavelength interval from 0.5 to 6 u, for temperatures
from 1473°K to 2320°K. For molten alumina, measurements are limited to the

interval from 1 to 2.5 u,lo although data have also been obtained by several
0,28 at 0.5 w. Beyond 2.5 u, the liquid n, curves were ex-

trapolated arbitrarily, as shown in Figure 3. The consequences of this

investigators1
extrapolation are discussed later.
2.2.3 CLOUD OPTICAL PROPERTIES

A particle cloud such as a two phase rocket plume generally con-

tains many particles of different size and often, of different kinds.
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Within a small volume, we write for each particle,

1, = F,(0,0)/k’R (2-13)
so that the total scattered intensity is obtqined by summation:

I1=2x1 (2-14)

and
F(8,0) = ZiFi(G,ﬂ) (2-15)

For the scalar sum indicated here, it is required only that there be no
systematic relation between the phases of the light scattered by the
different particles for 8 # 0. Due to the random momentary positions of
the particles in the medium, their wide spacings relative to their size,
and to the fluctuations on the phases of the light itself, the conditions
for independent scattering are almost always met in a typical plume.

Van de Hulst11 mentions that early estimates indicate that the particles
should be 3 or more radii apart for independent scattering. For particles
of 1y radius, typical of exhaust particles, this implies a concentration
= 1010 particles/cm3 before the effects of dependent scattering become
important. The SII ullage rocket considered in this report has a particle

3 at the nozzle exit.

concentration of about 105/cm
The number distribution of particles in the plume is a function
of position since the particle trajectories depends on particle size.
Consequently the average absorption and scattering cross sections also
depend on the position within the plume. The methods for determining the

local average cross sections are described in the next paragraph.
2.3 PARTICLE PLUME PROPERTIES
2.3.1 LOCAL PARTICLE SIZE DISTRIBUTION
Computer Program B is used for the computation of the number

density, particle size distribution, average radiative cross sections and

particle energy fluxes at prescribed locations within the plume. These
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locations are determined by input quantities specifying the number of
equally spaced axial and radial locations desired. In addition, the
particle trajectory program output is used to describe the limiting
streamline and centerline properties of the various particle sizes in
the plume. For simplicity the smallest particle size read-in is assumed
to be the particle-plume boundary. 1In the cases reported herein this
particle size was one-tenth micron. 1In addition, the particle size distribu-
tion is truncated along the centerline at the value of the maximum particle
radius read-in which, for the case reported, was 20 microns. These arbitrary
limits to the particle size distribution do not reduce the particle mass
significantly, and, since actual knowledge of the extent of the distribu-
tion wings is highly debatable, the loss of accuracy here is not significant.
In order to determine the size distribution at an appropriate
point, x,y, in the plume, the values of the limiting streamline and center-
line properties are determined for each particle size at the axial location,
X, prescribed. This is done by linear interpolation along the centerline
and limiting streamline trajectories for the various quantities using x
as the independent variable., The maximum particle radius is then determined
at the particular value of y by interpolating on the limiting streamline
values of y as a function of particle radius to obtain the particle radius
whose limiting streamline would go through the given point. This radius
is then taken as the maximum since any larger particles would have a y
value for the limiting streamline that would be smaller than this y and
thus, the particle could not reach this radial position. A particle size
interval is then set up by dividing this maximum particle radius by a
prescribed number of intervals which is dependent upon the form of the
initial particle size distribution. Generally 50 intervals is satisfactory.
The values of the particle radius in this new array will be designated as
ré to distinguish them from the input array of rp.
If one writes a particle continuity equation between the chamber
and the prescribed x location in the plume, the following equation is

obtained for a given size, r
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v y
Dpx PLO PLO
p - v + v (2-16)
po pL po
X X, 2
( > )y
PL
X

where the particle velocity in the plume is assumed to be the average
value between the limiting streamline value and the centerline value.
From this expression one can compute the number of particles of a given
size which are present at the plume location knowing the number which
were present in the chamber and assuming that the particles of that size
are equally distributed in both places. 1In this way the number density
of each ré value is determined from the initial chamber size distribution
and the interpolated value of the density ratio as given above.

This number density, computed for each r; value, constitutes a
numerical gize distribution at the plume position. The total number of
particles is obtained by Simpson's integration over the individual ré
array of number densities. A particle temperature is also computed at
the appropriate value of x and y for each of the r; array by linearly
interpolating with y between the limiting streamline and the centerline
for the appropriate value of particle radius. The particle temperature
for the ré array is then computed by interpolating on the r; array using
rp as the independent variable.

For the work reported here the initial size distribution in the

chamber is given by the skew-symmetric formula of Bauer and Carlson:29

ab+1 b -ar
¢(rp) =TT TR (2-17)

where a and b are constants characterizing the distribution. For motors
typical of the SII ullage a = 1.78 and b = 1.0, and rp is in microns. Thus
the mass mean diameter, d30, is 3.24 microns while the number mean is 1.12

microns. The size distribution is shown graphic=lly in Figure 4.
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2.3.2 RADIATION PROPERTIES
The various average radiative properties are then computed at
each plume position by the following equations:

r

Phax N(r _)o(r )dr
<> = I p - p_.P (2-18)
o t
r . N(rp)B(rp)drp
<g> = [ N (2-19)
(o]
r
1 Prhax N(rp)ca(rp)B(T(rp))drP
B(Togg) = <ca>J; N, (2-20)

where B(T) is the Planck blackbody function. The number density,
N(rp), and the temperature, T(rp), are given by the particle trajectory
program. The individual optical parameters for a given particle radius,
temperature, and wavelength are obtained by linear interpolation from the
tape, described in Paragraph 2.2.1, which summarizes the results of Mie
theory calculations.

This completes the evaluation of the average local radiative
properties at the various plume positions which are used in the calcula-

tion of radiation heating.

2.3.3 IMPINGEMENT PROPERTIES
The thermal and kinetic energy fluxes of the particles, which
are required in order to evaluate particle impihgement effects, are com-

puted from the particle trajectory data by the following set of equations:

r
p
271p max
S 3 3
K.E. = r “v "N(r )dr 2-21
BJ; pp(p)p (2-21)
T
4npsc pmax 3
T.E. = r T N(r )dr 2-22
3 { p VP p ( P) p ( )
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Again the integrands are computed in the r; array and the total integration

obtained by Simpson's method.
2.4 PARTICLE PLUME RADIATION

2.4.1 RADIATIVE TRANSFER IN A SCATTERING, ABSORBING, AND EMITTING MEDIUM
The discussion in the previous sections was concerned with
calculating the scattering and absorption properties of individual
particles and of the average properties of particles contained in an
elemental volume of the plume large enough to contain many particles,
but small enough that multiple scattering does not occur. The effect
of multiple scattering is not a part of Mie theory at all, but is cor-
rectly treated by the equations of radiative transfer. This analysis
begins with the integro-differential equation of radiation transfer in
order to understand (1) the necessity of the various averaged properties,
(2) the simplified equations and their solution and (3) the limitations
of the solution.
Considering the geometry shown in Figure 5, the equation of
radiative transfer for a medium containing a single type of particle can

. 3
be written as:

dIK(x,u,ﬁ)/udx = - N(ca + cs)IX +

2m -1
NG /4m[ [ ¥(eG, 86", 00T, (x,u',0")du 'R’ + No B, (T) (2-23)
> <

where the cross sections S, and OS are implicit functions of r,A, and T,
N is the number of particles per unit volume, and Y(8) is the angular

scattering distribution function, with

2T T
[ [ v(8)sinededd = 4 (2-24)
(o] o}
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When the medium contains particles of many sizes and possibly
several materials, Equation (2-23) is usually solved by first omitting the
emission term. Then, after the absorption has been calculated, the emit-
tance is obtained by application of Kirchoff's law, which is permissible
as long as the medium is in local thermodynamic equilibrium (LTE) but not
necessarily in radiative equilibrium.

If the medium contains particles of many sizes in two or more
materials, the summation over the size and material distributions must be
taken. Again writing I for the average intensity at given values of the

parameters A, x, 4, and @ we have:

2 1
ar - ® ) YIdu'dg'
- N“iciu; <I?i(rp)[ 4,5 Fpe T %1,aTp I F 01’5£ ”':1 4

+ Oi’aB(t(rp))]drp} (2-25)
where

£ @(rp)drp =1 (2-26)

and Ci is the number fraction of particles of each composition with ZCi =

unity. Denoting the averages by < > we obtain finally

2m 1
dI yIdy'dg'

_— = . > > > -
U N(<oa> + <cs )I + N'<oS f Il 4 + N<oa B(Teff) (2-27)

It should be noted that Te is not the average particle tem-

ff
perature but rather a particle temperature which is determined from the
following considerations for a non-isothermal particle cloud with a
known distribution of particle sizes. If we require that the radiation
from a differential volume of particle cloud be given by the average
absorption cross section times the Planck function at a given effective
temperature, we arrive at the equation below in which the term on the
right is the summation of the contribution to radiation of each of the

particles within the differential volume. This equation then yields the

definition of the effective temperature,
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® N(r_)o_(r_)B(T(x_))
<o,> B(T ;) =£ P ""th P dr_ (2-28)

@ N(rp)ca(rp)drE

> = -
where < £ N (2-29)

The discussion in Reference 26 indicates that the emittance,
absorption, reflectance, and transmission can be considered functions of
u but not @ in the case of an extended homogeneous finite slab and that a
good approximation to the normal emittance, reflectance, or transmission
or to the hemispherical emittance, reflectance, or transmission can be
obtained by use of the one-dimensional beam approximation.Bl Solution of
this approximation has been given26 and will not be detailed in this

write-up.

2.4.2 ONE-DIMENSIONAL BEAM APPROXIMATION

With the one-dimensional beam approximation,31 cosX = u now has
only two values, *+ 1, corresponding to radiation in the direction of in-
creasing x (I(u = +1) — I+) and in the direction of decreasing

x(I(w = -1) — I-). Equation (2-27) is now replaced by the coupled

equations:
+ + -
= - <g > > > > -
dI /dx N( <, + <oS I + BN<OS I + N<oa B(Teff) (2-30a)
- - +
= - > > > > -
dl /dx N(<<:a + <cS I + BN<::S I + N<oa B(Teff) (2-30b)

When the particle temperatures and distributions vary
significantly along the line of sight, the plume is divided into
segments along the line of sight. For each segment, solution of the
equation of radiative transfer yields:

+ Am «mT Cm HmFr
I.(M = 7k_° K, - k) + 27K _© (K, + k) + B(T ¢p) (2-31a)
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K T C T

- = m m m m - _
Im(T) = kae G{m + km) + kae @(m km) + B(Teff) (2-31b)
where

T=N(0o >+ <c >)x
t a s
k = <ca>/(<ca> + <cs>)
Ho= {k[2(1 - kK)B + k]}l/2 (2-32)
Tm-l < 7T < Tm

and subscript m denotes the mth slab and Am and Cm are constant
coefficients.

The boundary conditions at each interface are:

I;-l(qu) = I;( To-1) (2-33a)

Lo = 1T ) (2-33b)

m-1

In addition, at the surfaces To and Tn’ the following boundary conditions

are specified:

(7)) = e B(T) +r 1 (T ) (2-34a)

82 + O

(T
In( n) enB(Tn) + r I

n (Tt) (2-34b)

n

where ¢ and r are intrinsic properties of the outside regions and T is the
corresponding temperature. Thus for n segments there is a 2n x 2n matrix
equation to be solved for the coefficients of the segment which radiates
to the detector. The slab geometry for narrow and wide view detectors is
shown in Figure 6.

Computer Program C performs the calculation described above
along a line of sight in 3 dimensions. The number of intervals N and
their spacing are determined by imposing a criterion on the variation of
B(Teff) within each segment. The properties chosen for each slab are those

for the mid-point. The accuracy of this approximation is maintained by
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limiting the change in the blackbody radiation based on the local effective
temperature over the slab thickness to an arbitrary percent of the maximum
value, The value of B(Teff) is chosen for control for the following
reasons: The radiation from a collection of particles depends on oa’ B,
B(Teff) and the optical depth, T = N(oa + os)x. This radiation is at most

directly proportional to o, and T. The dependence on T however, is

much stronger. For A = 2 ., B(Teff) ~ TP where 6 > P >e§f5 for 600 < T <
3000 (OK). Also for plumes, the greatest changes in the properties other
than temperature occur in regions where dT/dx is large. Thus the magnitude
of B(Teff) seems the best criterion for slab thickness.

In addition to calculating the line of sight radiation as given
by Equations (2-31) to (2-34), the computer also calculates ''upper and
lower bounds' corresponding to the hypothetical cases where B8 = 0 and
B = 1. The case B = 0 is equivalent to no scattering, so that the region
in front of the detector has maximum emittance and zero reflectance; the
case B = 1 is equivalent to the minimum (but not zero) emittance and
maximum reflectance in the same situation. For a very thin medium, the

three results are the same, while for a dense medium they diverge.

2.4.2 POWER TO THE DETECTOR
In general the power per unit area of the detector per unit

frequency interval is given by

P I8
d d
—_— = — 2-35
AT (2-35)
d
where 1 is the angular dependent emitted intensity, Qd is the solid
angle viewed by the detector and A, is the detector area. The above

d
equation can be used directly for the narrow angle detector. Since

the line of sight is in the u = 1 direction for the calculation, I is

the resultant normal emission.
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In the case of the wide angle detector immersed in the plume
the intensity will have a marked angular variation with the field of

view and we must use

Y% *
Pd 1 K max max
T = o [ T, Bx)cosE (ur, B%) dukdpn (2-36)
* *
d M max Qmin

where £ is the angle between the normal to the detector area and the line
of sight. 1If the detector is on the plume axis Equation (2-36) is replaced

by: %*
Pd u'max

w2/ I(w¥)cosE (u*)dux (2-37)
[¢]

A
Ad

For the general case in which I is a function of both $*and [
the following method is used to allow the proper spatial integration.
Consider the Jiplane one that contains the axis and the target point,
and the ¢%planes those normal to the Jtplane through the target point.

The line of intersection of the two planes then makes the angle *with
the axis. The angle @*is then the angle between the line of intersection
and a given line of sight in the y% @*direction (i.e., in the @*(u*)plane).

If one specifies a group of u*directions (from w;in to u;

aX) and various @*
directions for each p%¥ the line of sight radiation is computed for each
case. The resulting power is then found numerically (by hand) from

Equation 2-36.

2.5 GAS RADIATION
At the initiation of the program it was assumed that gas radiation

would be negligible compared to the particle continuum. During the course
of the program, however, it was found that, for the lightly loaded SII
ullage motor, gas plume radiation contributed a significant portion of the
total flux. Since the plume was optically thin, calculation of the gas
radiation could be made by hand. The calculation was simplified by the

fact that the experimental measurement used for comparison was made with a

narrow view radiometer. Consequently at the measuring station the plume was
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divided into concentric cylinders whose average pressure, temperature, and

species concentrations were specified by the results of the gas flow field

calculations described earlier., Applying appropriate scaling laws for thin

clouds, experimental data32-36 on gas emissivities were used then to

determine band emission from the following species: HZO’ COZ’ CO and HCl.
The approximate composition of the SII ullage exhaust is shown

in Table 3. Radial pressure and temperature profiles at the measuring

station, 6 inches downstream of the exit plane, are shown in Figure 7,

which indicates also the concentric cylindrical zones used to subdivide

the plume. Table 4 lists the average properties of each zone, including

the partial pressure of the significant emitters.

TABLE 3
APPROXIMATE COMPOSITION OF S-II ULLAGE EXHAUST

We. % Mole Fraction
H,0 23.865 0.368
H, 0.749 0.104
co 11.638 0.116
co, 19.073 0.120
N, 9.819 0.098
HC1 25.436 0.194
OH 0.001 0
CL 0.012 0
A1203(s) 7.558 ---
FeO(s) 1.799 ---
0 0.048 0

99.998 1.000
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TABLE 4
AVERAGE PROPERTIES FOR ZONES USED IN GAS RADIATION CALCULATION

o

Zone Ppa Psf T, K By or-2LE Bgo +- At
I 1295 1600 .225 .074
II 1230 1500 .214 .070
I1I 1130 1500 .197 .064
v 955 1500 .166 .054
\Y 760 1400 .132 .043
VI 490 1300 .085 .028
VII 280 1200 . 049 .016
VIII 165 1000 .029 .010
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SECTION 3

RESULTS AND DISCUSSION

3.1 PLUME RADIATION

3.1.1 EXPERIMENTAL RESULTS

During firings of the SII ullage motor at AEDC and OAL several
radiometer measurements were made which can be used as a basis for
comparison with the theoretical calculations. At AEDC37 a Hayes FFl,
narrow view (8 millirad x 8 millirad at 20 feet) detector, located 6
inches downstream of the exit plane and 5 ft from the plume centerline,
was used to measure total radiation. The detector response was flat to
15 microns.38 The results of this test, Figure 8, indicate an average
steady state flux of 18 BTU/ft2 sec, or 6.53 watts/cmz-ster.

At OAL39 several spectral measurements were made over the wave-
length interval from 0.5 to 3 microns. Results of these tests, shown in
Figure 9, indicate that (1) on the basis of the AEDC test result, over one
half of the radiative flux occurs at wavelengths greater than 3 microns
and (2) in the observed spectral invertal (1.7 to 3 u) the gas band radia-

tion is approximately one third of the particle continuum,
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3.1.2 COMPUTATION

Results of the theoretical calculation, Figure 9, show that the
particle continuum has a strong peak at approximately 1.2 u (corresponding
roughly to the 2300°K blackbody peak, where 2300°K is the melting point of
alumina) and has a low intensity, broad tail at longer wavelengths which
peaks at about 8 . The calculated radiancy in the visible spectrum is
10 times greater than the OAL observation, while the integrated continuum
radiancy in the interval from 1.7 to 3 microns is about 13% of the experi-
mental observation (excluding the gas bands). 1In addition, within this
interval, the calculated peak is shifted from the observed peak toward the
visible. The total integrated continuum flux is 10.5% of the total radia-
tion measured by the FFl detector.

Calculation of gas radiation was made for the following bands;

1.38, 1.87, 2.7 and 6.3 p bands of HZO and 2.7 and 4.3 u bands of CO

5
The 4.5 u band of CO was neglected since its contribution to the total
gas phase radiation was small.35 The 3.5 | band of HCl was also neglected

since calculations based on the work of Stull and Plass36 indicated a very
small contribution. The gas band results, which are in excellent agree-
ment with those obtained using an MSFC gas radiation computer program,
represent 23% of the total measured radiation.

Results of the gas calculation, superposed on the particle con-
tinuum, are compared with the OAL observations in Figure 9. It is seen
that the calculation exceeds the measurement in the 2.7 micron range, but
falls short of the measurement at other wavelengths by as much as a factor
of 3. The total calculated radiation over the wavelength interval of 1.7
to 3 microns is in satisfactory agreement with the measurement. The total
calculated gas plus particle radiation over all wavelengths is found to be
33.5% of the measured value. Causes for this discrepancy are discussed
below, and studies are suggested which will provide the missing information

on radiative properties of solid propellant combustion products.
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3.1.3 DISCUSSION

Although the magnitude of the integrated radiative flux computed
for the SII ullage motor is only 33.5% of the measured value, the pre-
dicted spectral radiancy over the interval from 0.5 to 3 u is in
qualitative agreement with the OAL spectral measurements. Thus both
the calculation and the measurement provides evidence that the particle
continuum is not grey-body. The consequences of the grey-body assumption
are shown also in Figure 9, where the particle radiation calculated using
the method of Morizumi and Carpenter1 has been plotted. Morizumi and
Carpenter assume a constant particle emissivity of 0.25. In the case of
the SII ullage motor their method, together with the gas contribution,
predicts 110% of the total measured radiation. However, as seen in
Figure 9, the Morizumi and Carpenter method fails to provide an adequate
description of the spectral distribution, being in error by as much as
an order of magnitude at some wavelengths. Furthermore their assumption
of a constant particle emissivity of 0.25 is seen to be a very poor
approximation to the radiative properties of A1203. Similarly, the treat-
ment of Fontenot,2 which is a simplification of the method of Morizumi
and Carpenter, is equally inappropriate, since optical properties ob-
tained from soot laden flames are assigned to alumina particles.

In view of the many inputs to the computer program, the
discrepancy between the calculated and total measured radiation, roughly
a factor of 3, is not surprising. If the gas calculation is assumed
correct, the maximum discrepancy in the particle continuum is approximately
a factor of 8. In order to determine the cause of this discrepancy, a
number of factors, including uncertainties in the particle optical
properties, the presence of other continuum emitters, and non-thermal
radiative mechanisms have been investigated. Each is discuséed in detail

below.
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a. Particle Properties

(1) Optical Data

For the present case, particles greater than 6 p diameter, which
corresponds to 38% of the particle mass, are liquid. Thus the particle
radiation is dominated by the liquid particles. However, in contrast to
the solid alumina properties, the optical data for liquid alumina, which
is available only in the wavelength region below 3 pu, is highly uncertain,
There is considerable scatter in the data of Carlson10 (a factor of about
8 near the melting point) and the data of Adams and Colucci28 at 0.5 u is
about a factor of 7 greater than that of Carlson at wavelengths from 1.4
to 2.3 p. By using mean values, the uncertainty due to scatter is a
factor of about 3. Furthermore, as described earlier, the extrapolation
of liquid alumina data beyond 3 u was purely arbitrary. A less conservative
extrapolation, where the liquid n, curves parallel those for the solid
beyond 3 |, would increase the long wavelength radiation by 4 times. 1In
this case the calculated particle continuum would be 40% of the total
measured radiation, so that with the gas contribution included, 63% of

the measured radiation is accounted for.

(2) Supercooling

The possibility of supercooling of the particles below their
fusion point and existence of a larger particle size distribution than
used here can be discussed together since the essential feature of each
is that a larger mass fraction of the alumina remains liquid. The optical

data10’27

indicate an increase in the absorptivity of alumina of about 100
fold when it melts (at 2 w). Since calculations performed indicate that
the SII ullage plume is optically thin at this measuring station, the
radiation transport equation can be integrated for a single, homogeneous
slab to yield:

I0 = Nt<ca> B(T

eff)AZ (3-1)
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The use of one homogeneous slab is also based on the computed results
which show that a central, homogeneous core about 17 cm in diameter
contributes essentially the entire radiative flux. It can be shown

further that the number density of particles is given by:

¢pg/ps
N = - 3 (3-2)
n r d
4/3 J (rp) p 9o
while the average absorption cross section is given by:
<g > = fm e(r_)Q (r )r 2dr (3-3)
a o p"a’ " p P P

1f one assumes that the refractive index of alumina is near unity (i.e.,

n, - 1 << 1 and n, << 1), the absorption efficiency is approximately:

8mr n,
Q =2 [——Eﬁ-—] (3-4)
Introducing this into Equation (3-3) yields, at a given wavelength:
16> oo 3
<Oa> =5 nz(T)@(rp)rp drp (3-5)

In Equation (3-5) it is assumed that the particle temperature is a func-

tion of the particle radius. For simplicity let nz(T) =n, for all

particles which are solid and nz(T) =n, for all liquid particles so

that Equation (3-5) becomes t
rP
16ﬂ2n2 n, f melt @(rp)rp3drp
{4 pe 3 S o
> = — -
< = [ HCRER drp[l = ] (3-6)
P 20 [ #(r)r Jdr
melt r PP P
P

melt

Substituting Equation (3-6) into (3-1) and setting the second term to zero

(since n, /n2 is of the order of 10-2) yields the following:
s 4
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® 3
J‘r qb(rp)rp dr
pmelt
Ra, o 3
L f ¢(r )r_ "dr
VPP P

I~ (3-7)

It is clear from Equation (3-7) that the radiation for the thin case is
proportional to the liquid alumina value of n, times the fraction of the
particle mass that is liquid, i.e., the liquid phase radiation dominates
for liquid mass fractions above about 10-2.

Since about 38% of the alumina mass is liquid, if one allows
supercooling of the particles below their fusion point or increases the
size distribution so that a larger fraction of the mass is liquid, the
radiation in the 0.5 to 3 u region could increase by a factor of 2.5,
Actually this is a slightly optimistic estimate since, because of super-
cooling, the temperature of the smaller particles would be somewhat less
than the melting point. The resulting decrease in the blackbody function
for these particles should be small, however, since the particles less
than 3 ¢ radius have just solidified at the plume location corresponding
to the position of the radiometer. Over the entire spectrum, the effect
of supercooling increases the calculated particle continuum to 25% of the
measured total radiationm.

It should be pointed out that if the alternate liquid n

2

extrapolation (which parallels the solid n, curve beyond 3 u) is used,

2
the above increase cannot be realized beyond 5 y, since the long wave-

length radiation becomes blackbody limited. 1In this case, the effect of
supercooling would increase the calculated particle continuum to 55% of

the measured total radiation.

(3) Size Distribution

In addition to the increase in the mass fraction of liquid, a
larger size distribution would also introduce (because of increased lag)
more mass at temperatures greater than the melting point, so that there
would be an increase in the average liquid absorptivity. An estimate of
this effect indicates that the particle radiation is approximately doubled

by increasing the mass mean and number mean diameters to 6.2 and 1.50
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microns respectively (a = 0.8, b = 0.6). Although this change in size
is not unrealistic in view of existing particle size data, because

of uncertainties in this data size effects were not further pursued.

b. Other Continuum Emitters

Investigation of other possible sources of continuum radiation
has uncovered a very important factor, not previously recognized. The
SII ullage motor contains almost 2 percent ferric oxide as a burning rate
enhancer which should be condensed in the exhaust plume. 1In the present
calculation this material was neglected since appropriate particle size
data and optical data at elevated temperatures does not exist. However,
the ferric oxide optical data that does exist, Figure 2, indicates that
the value of n2 for A = 1 p at room temperature is about 15 times the
value for liquid alumina at its melting point and over 7 orders of
magnitude larger than the room temperature value for alumina. If the
value of n, for ferric oxide increases with temperature as does the
alumina value its importance is obvious.

The possibility of ferric oxide being the primary continuum
radiator is qualitatively substantiated by the CAL tests41 which show
the following results for the S-IB retro which contains 2 percent ferric

oxide but no alumina and the SII ullage which has a like amount of ferric

oxide but 8 percent alumina.

TABLE 5
COMPARISON RADIATION FROM S-II ULLAGE AND S-IB RETRO MOTORS

SIB Retro SII Ullage
Pe 61 psia 14.6 psia
Lo 0.14 0.025
-3 -3
Ix=2u/Pe 2.33 x 10 1.71 x 10
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As can be seen the radiation values, normalized by pressure,* are com-
parable. Since the dominant radiation is apparently continuum, the impor-
tance of Fe203 is evident. The significance of the ferric oxide radiation
is that other burn rate controls could be used with a resulting decrease
in the continuum radiation level.
In addition to the ferric oxide content one must not overlook

the possibility of the non-equilibrium formation of carbon particles.
The report37 on the experimental measurements notes the presence, at
the end of the test, of soot on a probe that was located in the plume,
It is not known whether this carbon particulate matter is present only
on start-up and/or shut down (which would not affect the experiment)
or is present during the steady state burn. It was also noted that part
of the ablative nozzle was lost during the test. This nozzle ablation
could have possibly introduced solid carbon into the plume mixing region.
Unfortunately the importance of carbon radiation cannot be quantitatively
estimated, but the possibility of its contribution must be noted.

¢, Non-Thermal Radiative Mechanisms

(1) Searchlight Effect

The magnitude of the searchlight effect was calculated by
computing scattered and emitted flux from particles having the SII
ullage motor size distribution described previously. The throat radia-
tion scattered over all angles by a single particle in the measurement

volume is

! -
Fse B(Tch)Atw

ehens (3-8)

and the flux scattered, per steradian, in the direction of the detector is

Foe © EFs'e (3-9)

The emitted energy per steradian is

F = ¢ B(T )A 3-10
em P ( p) P ( )

*Nozzle size and temperatures were essentially the same for both motors.
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In Equation (3-8), it is assumed that the throat transmits blackbody
radiation at the chamber temperature.

The calculations were made using size distributions and particle
temperature versus size as calculated by the computer program. Particle
emissivity for the liquid was taken from Figure 3, except that beyond 3 u
curves were extrapolated parallel to the solid curves. For

2
the solid, the absorption coefficient data of Gryvnak and Burch27 was

the liquid n

used. The quantity QS was taken as constant and equal to 2.

A series of polar scattering diagrams were plotted to obtain the
average 90° scattered energy into one steradian; Figures 10 and 11 are
examples. Figure 12 shows the result plotted as a function of 2mr/A.

The quantity f can be seen to oscillate widely as particle size increases.
The bar is to denote the fact that this scattered radiation is averaged
over view angle for 2 reasons; first, the radiation scattered into one
steradian, at 900, is a strong function of the exact direction of look,

and second, the particles viewed within the observed volume have scattering
angles which deviate from 90° by angles ranging from zero to the nozzle
half angle.

There is a strong scattering lobe at 70° in the forward direction
for most particle sizes, and an intensity measurement made at angles
centered about that value rather than 90° ought to favor searchlight
emission - i.e., f will be considerably larger on the average.

The ratio of scattered light (searchlight effect) to thermally
emitted radiation is shown in Figure 13. Between 1.25 and 3.75 u and at
wavelengths less than 0.75 u, the searchlight radiation dominates the
thermal emission by amounts ranging up to a factor of nearly six. The
thermal emission dominates either where the Planck spectrum (at the
exhaust temperature) peaks, ~ 1 i, or where the particle emissivity
becomes large (A A ).

For the particular n, extrapolation used, searchlight emission

2
increases the calculated particle continuum to 497 of the measured total

radiation. If both supercooling and searchlight emission are included,
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63% of the measured radiative flux can be attributed to the particles.
Finally, by adding the gas contribution, the theoretical calculation
accounts for 867 of the measured radiation.

Based on this hand calculation, it is concluded that for the
case of the Saturn S-IT ullage motor, the searchlight effect plays an
important role in the spectral distribution of radiation, and may con-
tribute significantly to the total radiant heat transfer. However, this
conclusion should be accepted with the reservations that it is based on a
rough hand calculation and that rather broad assumptions were made in

. . 3 o
computing the average flux scattered into one steradian centered at 90 .

(2) Non-Equilibrium Gas Radiation

In computing gas and particle radiation, it has been assumed
that the gas is in complete thermodynamic equilibrium. However, it is
known that non-equilibrium effects begin to dominate the thermochemical
gas properties, beginning at a nozzle expansion area ratio of about 2 to 4,
just downstream of the throat.42 In this paragraph the possibility that
non-equilibrium processes may enhance the (equilibrium) gas radiation is
explored briefly,

The following three physical effects may contribute to this
radiation: (1) the recombination of two species to form a single
molecular product may release the excess (binding) emergy in the form
of continuum radiation; (2) the excited vibrational levels of H20 and
002 may lag the rapid decrease of gas temperature in the nozzle expansion,
leading to non-equilibrium radiation which exceeds the equilibrium value;
(3) the excited vibrational levels of H20 and CO2 may be fed by 3-body
collisional recombination of atoms and free radicals, producing non-
equilibrium radiation in excess of the equilibrium value. Each of these
three non-equilibrium radiative processes is evaluated semi-quantitatively
below, for the conditions of the SII ullage plume radiation measurement 6
inches downstream of the exit plane.

The power emitted per unit volume by two-body radiative recombination

processes of the type A + B — AB + hv is
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2
w = AhvkleXB(p/M) (3-11)

The mole fractioms, XA and XB, of recombining atoms at the point of
measurement are determined by the non-equilibrium nozzle expansion process
discussed in Reference 42. There it is shown that a single freezing point
occurs in the nozzle expansion. Upstream of this point the recombining
species remain nearly in equilibrium; downstream of this point the sum of
the mole fractions of the recombining species remains nearly constant
(frozen) at the freezing point value. The freezing point, denoted by
starred quantities, is located by equating the total available three-
body recombination 1ate to the required total equilibrium rate of decrease
of atomic and free radical species: i
Cxx (@3 24
M dx

*
Z Py %
i,j,mijm i j m (M )Vg

(3-12)
The freezing point is usually found just downstream of the nozzle throat.
For the SII ullage motor composition, the abundant atom and free radical
species at an area ratio of 2.1, downstream of the throat, are Cl, H, and
OH, with equilibrium mole fractions of .0018, .00ll, and .00082,
respectively. The most rapid kijm known tolshe authors is that for the

0

reaction H + OH + H,0 — 2H, 0, (k = 1.6 x 1 cm6/mole2-sec)42 and will

2 2
be used here as representative of the sum , L k., X X.X . Rates for

i,j,mijmi jm

H+Cl +M-—HC1l +Mor OH + Cl + M —~ HCIO + M are not known, but are
probably not faster. The Cl can be combined via the reaction
H + OH + H20 - 2H20 plus the rapid transfer reaction H20 + C1 — HC1l + OH.

Using the mole fractions and the derivatives found from the
Aeronutronic free-energy-minimization equilibrium nozzle expansion com-
puter program, the freezing point is found to be at an area ratio of 2.3,
where XH* = .00095, and (p/M)* = 3.5 x 10-5 moles/cm3.

The information on radiative recombination rate processes and
rate constants is extensive, but often not definitive. The rate constant
for the process 0 + NO — NO2 + hv has been studied extensively43 and is

1.1 x 1011T-1'Sgexp(67O/RT)cm3/mole—sec in the temperature range 200 to
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4000°K. This particular process will not produce significant non-
equilibrium radiation in the SII ullage plume because of the low con-
centrations of O and NO. However analogous processes may be significant.
Such processes will be most significant if one of the abundant free
radicals, H, Cl, or OH combines with one of the major species, HCl, CO,
C02, H2’ or N2. A likely possibility is H + CO — HCO + hv and is chosen
here as representative of all such possibilities. If this reaction has a
rate constant comparable to that for 0 + NO — NO2 + hv, the total emission
at the plume centerline at the location of the transverse radiative measure-
ment would be 4.9 x 10-4 watts/cm3 (assuming hv = 1 e.v.). Assuming this
is emitted over a 30 cm path length, the resultant integrated intensity
would be .0012 watts/cmz-ster, which is a factor of 5000 smaller than the
measured total emission from the SII ullage motor.

For this non-equilibrium process to be significant in this case,
a radiative recombination rate constant three orders of magnitude larger
than that assumed above would be necessary. Such large rate constants have
been suggested, but only for atom-atom recombination. Because the atom
concentration is 100 times smaller than that of CO, used in the example
above, the atom-atom process would not be significant, even with the higher
rate. It is concluded that this class of non-equilibrium processes is
probably not significant in producing plume radiation heating. However
processes such as H + Cl = HCl + hv bear further evaluation if literature
reports are found of rate constants five or more orders of magnitude
larger than that for O + NO — NO2 + hv.

The second and third non-equilibrium processes involve discrete
band emission, as compared to the continuum emission produced by the
radiative recombination process described above. The second process is
readily shown to be insignificant through a brief review of previously
measured vibration relaxation times of CO2 and H20. In Table 5.13,
Cottrell and McCoubrey44 give a collision number of 110 at a temperature

of 1031°K for vibration relaxation of CO, by collisions with CO and it

2 2

is steadily decreasing with increasing temperature. In C02-N2-He pulsed
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laser measurements at room temperature, Weber and Deutsch45 show the
relaxation of the slowest vibration level of CO2 (that responsible for
the 4.3 p band emission) due to He collisions near room temperature to
vary as t(millisec) = 2/p(torr). H2 is known to be even more effective
than He in this respect. These two relaxation times are about the same
for the conditions of the plume measurement, being 2 x 10-5 sec, con-
siderably shorter than the characteristic time of 5 x 10-5 sec for the
flow to cover a distance of 10 cm, typical of the scale length over which
the gas changes temperature significantly.

Cottrell and McCoubrey44 give comparable, or faster, relaxation
rates for HZO at temperatures approaching 1000°K. Since the collisional
relaxation time varies inversely with gas density, regions upstream of
the radiation measuring station are expected to be very close to
vibrational equilibrium. Thus vibration excitation in the chamber is
not retained through the nozzle expansion and emitted later in the plume.

The third possibility to produce non-equilibrium radiation is
the feeding of recombination energy into the excited vibrational levels,
thereby distorting the equilibrium thermal distribution. As shown
previously, there is a freezing point beyond which the atom and free
radical mole fractions remain much higher than the local, shifting
equilibrium values. The maximum energy available for radiation emigsion
is

W= Ah\)i’AJ‘.Z’mkijmxixjxm(%)3 (3-13)
Using the freezing point mole fractions for H, OH, and HZO’
k =1.6 x 1017, quoted earlier, hv = 5 e.v., and (p/M) at the measuring
station of 5.4 x 10-6, Wis 3.1 watts/cmS, or 7.4 watts/cmz-ster over a
30 cm path length. This is comparable with the measured radiation emission
and bears further investigation.

The fraction of this energy that is actually radiated depends
roughly on the ratio of the radiative decay rate to the collisional decay

rate of the excited vibrational levels. For example, the radiative
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lifetime of the 00°l state of COZ’ which is responsible for the 4.3 u
radiation, is approximately 2.3 milliseconds, whereas the collisional
relaxation time of this state is two orders of magnitude shorter. If
this ratio is roughly correct for other states of 002 and HZO’ it would
be expected that no more than 1% of the available recombination energy
would be radiated; the remaining 99% would go into thermal energy of the
gas. Thus this non-equilibrium radiation mechanism is also expected to
be unimportant.

In summary, the three non-equilibrium radiation mechanisms
known to the authors and studied semi-quantitatively here do not appear

to be of sufficient magnitude to warrant more careful attention at this time.

d. Comparison with Other Spectra

It is also of interest to compare some other solid propellant
spectra with the shape of the spectrum computed for the no supercooling
case. Figures 14 and 15 show solid fueled booster spectra for flight
and ground based measurements respectively. 1In Figure 14, the particle
continuum in the 1 to 3 p wavelength region shows the same shape as the
computed continuum, although the HZO band centers are absorbed because
of atmospheric transmission losses. The large peak at 4.8 u is also
duplicated by the calculated peak but its width is much narrower. The

experimental peak could be a wing of the 4.3 u CO, band, or it could

2
actually be due to particle emission with the rapid drop-off at 5 p due
to a decrease in detector sensitivity.

Figure 15 shows the same computed spectrum compared with the
ground test of another aluminized booster. Again, a peak at 4.8 p is
noted, but the short wavelength continuum is much stronger. It should
be noted that this booster is considerably larger than the SII ullage
motor. The water and CO2 band centers are again absorbed after atmospheric
transmission.

The spectra of Figures 14 and 15 do not provide any quantitative
verification of the present model since thrusts, pressures, temperatures,

and measurement geometries and techniques of the several motors are
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different. However, they are presented to demonstrate the qualitative
aspects of two-phase plume radiation over a wider wavelength region than

was available for the SII ullage tests.

3.2 PARTICLE IMPINGEMENT EFFECTS

As stated earlier an important effect associated with the two
phase exhaust from a solid propellant motor is impingement of the con-
densed phase particles on neighboring surfaces. During the impingement
process a portion of the kinetic and thermal energy of the particles is
transferred to the wall of the target causing removal of material. The
effectiveness of this energy transfer process is commonly characterized
in terms of an accommodation coefficient, %, which expresses the ratio of
particle impingement heating to the energy content of the particle. While
an accommodation coefficient can be defined for both the thermal and
kinetic energy of the particle, inadequacies in available experimental
data make such a differentiation difficult. Consequently it is common
practice to define an overall accommodation factor based on the total
particle energy.

In the following an analysis of particle impingement heating
performed by the Boeing Co.,46 based on test data obtained from an SII
ullage firing, is reviewed with the purpose of (1) indicating areas of
uncertainty, and (2) using the results of the plume program described
earlier to refine the calculated values of . 1In addition, several
impingement tests performed at Aeronutronic using a helium-alumina
particle-flow system and a Teflon model are described and accommodation
factors corresponding to these conditions are reported and compared to

the SII ullage results.

3.2.1 SII ULLAGE TESTS
An experimental investigation of heating from an SII ullage
motor fired at sea level was performed by Rocketdyne.47 This test program

involved the mounting of a Teflon ablation probe and a copper heat transfer
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probe 20 inches from the nozzle exit. The probes had a hemispherical
nose 3 inches in diameter and were 5 inches long. The copper probe was
instrumented to provide data on temperature distribution and stagnation
point heat transfer. The ablation probe was instrumented to provide
information on regression rate as well as stagnation point heating.

In both cases the stagnation point heat transfer rate was approximately
3000 BTU/ftz. In addition for the Teflon model a surface regression of
1.25 inches during a firing time of 3.6 seconds was reported.

Results of the Boeing analysis of the impingement heating data
are shown in Table 6.46 The radiant heating rate, 9g> was calculated
using Fontenot's method.2 The possibility of improving this calculation
using the method developed here was considered unwarranted since in both
instances IR is of the order of 1% of the total measured heating rate.
In Table 6 the convective heating rate, q.» was evaluated using the
Van Driest boundary layer theory for turbulent heat transfer to a blunt
cone. The method of Fay and Riddell,a9 however, is considered to be more

appropriate for calculating stagnation point heating, i.e.,
_ -0.6 0.1 0.4 0.5
q, = 0.76(Pr) (Pw/uw) (P ) (hy hw)(dVg/dX)s (3-14)

where, from modified Newtonian Flow theory, the stagnation point velocity

gradient is given by:
P
(dv /dx) = L2(p_ - Pe)/p I*/R (3-15)

and Pr is the Prandtl number, p is the density, pu is the viscosity, h is
the enthalpy, R is the radius of curvature at the stagnation point, p

is the pressure and subscripts s, w, and ® denote shock, wall, and free-
stream conditions, respectively. From the gas flow field computer program
results described herein the SII ullage chamber pressure and temperature
are 1000 psia and 6017°R respectively, while the gas molecular weight is
27 .4 and the specific heat ratio is 1.21. From Reference 46, the center-

line Mach number 20 inches downstream of the exit is 3.73 while the local
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static pressure and temperature are 4.2 psia and 2485°R, respectively.
Thus the post shock conditions can easily be calculated. In addition,

for typical solid propellant exhaust gases:

b, = 1.75 x 1073 1b/ft sec
b, = 6.4 x 1073 1b/fc sec
cpw = 0.40 BTU/1b°F
c, =0.52 BTU/1b°F

where the wall temperature is initially assumed to be 560°R. With the
further assumption that h = cpT, and Pr = 0.85, evaluation of Equation (3-14)

yields:
g, = 100 BTU/£t2 sec

which is about 5 times less than the value listed in Table 6. It should

be pointed out however that the gases evolved during ablation tend to
thicken the stagnation boundary layer and that the heat transferred to

the model will increase the model temperature. Since both factors diminish
9> the value computed above represents a maximum convective heating rate.

It is concluded, then, that the measured heating rate, is due

9rME?
essentially to particle impingement.

A further improvement in the calculation of the accommodation
factor is afforded by the particle plume structure results obtained from
Program B. These computations were performed specifically for the SII
ullage motor and should be more reliable than the assumptions used in the
Boeing analysis. At a centerline location 20 inches downstream of the exit
plane, the average particle thermal and kinetic energy fluxes determined
by Program B were 4960 BTU/ftzsec and 6020 BTU/ftzsec respectively.*

This corresponds to a total theoretical particle energy of 11980 BTU/ftzsec,

approximately 217 greater than the value listed in Table 6. The difference

*In both the Boeing analysis and the present calculation, the contribution
of ferric oxide is included. For this purpose it is assumed that the size
distribution and thermal energy per unit mass of FeZO is the same as for

3

alumina.
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TABLE 6

RESULTS OF ACCOMMODATION FACTOR STUDY46
specimen (1 @ » @
Geometry dTME IR e 9pEE 9TPE SrpE
3" dia.
hemi-
spherical
end of 5"
long cyl. 3000 30 476 2494 9550 9896 0.261 0.252
All units in BTU/ftzsec
IrMg total stagnation heating rate measured experimentally
ap - theoretical radiant heating rate
9. - theoretical convective heating rate
9pgE " particle impingement heating rate = drve - 9g T 9
dppg - Sum of theoretical thermal and kinetic energy
~ - accommodation coefficient = qPEE/qTPE
(1) - calculation based on uniform plume of 2 | particles
(2) - calculation based on particle size distribution given in Reference 6.

is due primarily to an increase in the thermal energy flux, probably as a
consequence of the more accurate determination of particle temperature that
is possible using the appropriate flow field data. With these new values
of IpEE and drpg ¥ 1is 0.21.
3.2.2 AFRONUTRONIC TESTS

Several particle impingement tests using a Teflon model in a
helium-alumina particle stream were performed at Aeronutronic. A two
phase flow was produced by injecting alumina particles, with a mass mean

diameter of 4.46 p, into a helium nozzle which exhausted into a vacuum
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chamber. Teflon models, 1.0 inches in diameter x 1.0 inches long, were
located coaxially on the nozzle centerline, 1.0 inches downstream from the
exit plane. Tests were performed with helium stagnation temperatures of
540°R and 1000°R. Test data, together with theoretical values of particle

thermal energy, and kinetic energy, drgg> 2re summarized in Table 7.

SrTE’
Included also for comparison is similar information for the SII ullage
motor.

Accommodation coefficients for the Aeronutronic tests can be
determined with the help of a steady state ablation model. TIf the Teflon
model is considered to ablate at a steady rate, an energy balance on the

model yields:

Uop = tplL + ciT] (3-16)

TABLE 7
SUMMARY OF AERONUTRONIC PARTICLE IMPINGEMENT TEST DATA

v q q Surface Average q

p TTE2 TKE2 Regression Regression T™ME )
Test ft/sec BTU/ft“sec BTU/ft"sec inches Rate-ft/sec BTU/ft"sec
Aero
Cold
He 4400 negl 256 .008 - -
Aero
Hot
He 5800 negl 465 .009 - -
SII
ullage -9
(Boeing) 6000 4960 6020 1.25 2.9x%10 3000
ArrE " theoretical particle thermal energy flux
97KE theoretical particle kinetic energy flux
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where ¥ is the average regression rate, L is the heat of ablation of

Teflon, cAT the increase in internal energy of the ablating element and:

9ot = 9 T 9 * Ipgg

Since, for the Aeronutronic test conditions qTTE a~ 0, then Ypgg = aqTKE
and if we further assume that 9pgE >> qc + qR then, after rearranging terms,

we have:
N = Kr/qTKE (3’17)

where K = pLL + cAT] is assumed constant for all conditions including the
SII ullage firing. 1In fact, from the SII ullage data of Table 7,
K = 1.03 x 10° BTU/ft>

The time to heat-up to the ablation temperature can be determined

from the unsteady heat conduction equation for a semi-infinite slab:

T - T, = ‘°‘{f expgmt) - & erfe( (3-18)

2 rt

where T is the temperature, k the thermal conductivity of Teflon, 7 the
thermal diffusivity, x is the spatial coordinate normal to the surface, t
is the time and subscript © denotes the conditions at infinity. At the

exposed surface, x = 0, the above equation reduces to:

k(T, = Ty) 4

el (—A =, (3-19)
ll Ieot
where TA is the ablation temperature. For Teflon, typical thermal

properties are:

k
U

Substituting these values into the above equation yields:

.034 BTU/hr £t2°F/ft
3 x 10-7 ftz/sec

=3x 10 (EQI—)2 (3-20)

tot
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where t is in sec, qtot is in BTU/ftzsec, and AT is in °F. The regression

rate t can be written as §/68 where 6 is the total surface regression, 0 =

tt - t, and tt is the total test time. For the Aeronutronic tests, tt =5
sec. From Equation (3-16), since K = constant, we can write:
(qtot) - (qtot)
r “Aero * 7SII

Thus, Yot for the Aeronutronic tests can be expressed as

q
tot
)

_ é(
eot 8\ t ‘sII

Aero

or, substituting values from Table 7,

_ 68 2
9ot = 5_; BTU/ft7sec (3-21a)
Aero
for the cold flow tests and
__76 2
9 or = 5op BTU/ft”sec (3-21b)
Aero

for the hot flow tests.

Combining this expression with Equation (3-20) and assuming that
AT = 700°F, yields t = 0.7 sec. Assuming further that the transient from
inception to steady ablation is negligible, the steady state ablation time

is 4.3 sec. Finally, from Equation (3-17),

v = .063

for the Aeronutronic cold test and
v = .038

for the hot test.

At present there is no satisfactory explanation for the
discrepancy between the results of the Aeronutronic tests and the SII
ullage motor tests. Possible heat rejection mechanisms other than abla-
tion (namely radiation emission from the model and convective cooling by
the helium stream) have been examined and found to reject only a few

percent of the heat input. The significant differences between the two
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sets of data are (1) the free stream particle temperature, and (2) the
total freestream energy flux. The lower particle temperature in the
helium tests corresponds to higher yield strength and heat capacity of

the particle which may lead to a more elastic particle-surface interaction,
reducing the accommodation coefficient. The lower energy flux in the
helium tests leads to a lower ablation rate and lower surface temperature,
which may also influence the particle surface interaction processes and
reduce the accommodation coefficient. Although the cold and hot helium
tests do not follow these trends, the limited number of tests and the
experimental uncertainties may be the source of the discrepancy. Further

study of particle impingement damage is evidently needed.
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SECTION 4

CONCLUSIONS AND RECOMMENDATIONS

On the basis of the preceding radiation calculations, it is not
possible to isolate conclusively the physical mechanisms responsible for
the plume emission. However, the following conclusions can be made.

Gas phase radiation clearly cannot be ignored, without demon-
strating that its contribution is negligible. This is particularly true
of lightly loaded solid propellant motors such as the SII ullage motor.

Insufficient alumina optical property data are available for
valid predictions of alumina radiation at wavelengths less than 1.5 p
and greater than 3 ;. Furthermore, uncertainties in existing data are
sufficient to account for a major fraction of the discrepancy between
measurement and theoretical calculation.

While supercooling can explain 70% of the particle continuum,
this requires a particular arbitrary extrapolation of the liqiud alumina
optical data. This mechanism is partially substantiated by the experi-
mental spectrum (1.7 - 3 p) and partially refuted by it (visible region).
Searchlight emission provides an alternative explanation of the observed
radiation and the two effects combined account for 63% of the total

experimental measurement.
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Other solids, particularly iron oxide and possibly carbon cannot
be dismissed as significant or even dominant contributors to particle
radiation.

Additional experimental measurements of the SII ullage motor
radiation at wavelengths greater than 4 u would be invaluable in delineating
and understanding the radiative mechanisms.

In view of the foregoing, the following areas of further study
are recommended:

1. Extend the range of previous measurements of the

emittance of liquid alumina particles to include
the spectral regions from .5 to 1.5 u and from 3
to 10 u.

2. Experimentally determine the optical properties of

solid and liquid iron oxide particles over a spectral
and temperature range appropriate for rocket exhaust

plume radiation calculations.

This new data will not only provide for more accurate calculation
of continuum radiation from solid propellant exhaust plumes, but should
also permit a better evaluation of the significance of other major un-

certainties, namely, particle supercooling and searchlight emission.
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